Description
This International Workshop on Orbital and Spin Magnetism of Actinides (IWOSMA) is the third in a series. The first workshop took place in Daresbury in 1999 and the second in Berkeley, CA, USA in 2002. These workshops are informal gatherings of theoreticians and experimentalists addressing the latest issues in the electronic and magnetic properties of actinides.
Scientific Objectives
The magnetism of transition metal systems and lanthanide systems is now fairly well understood, where d and f electrons can be described in a delocalized and localized model, respectively. On the other hand, actinide systems do not fit in such a description. The localization of the 5f is in between that of the 3d and 4f and the strong spin-orbit interaction necessitates a relativistic approach. Furthermore, electron correlation effects play a major role in these compounds. Recently, it has become possible to determine element-specific magnetic moments using neutron diffraction and x-ray scattering and absorption. The latter technique makes it even possible to separate the orbital and spin contribution to the total magnetic moment. The results are very interesting but difficult to reproduce with present state-of-art calculations. Not only a very large orbital polarization but also a large magnetic dipole term has been measured in cubic compounds, such as US. This allows for severe testing of the extra terms included in band theory to account for orbital polarization. It is also clear that deeper insight in magnetism can be obtained by studying the unusual behaviour of the actinides. The recent development and application of such techniques as DMFT could contribute to the understanding of magnetism in actinides. Despite the fact that actinides for health reasons will find less application in technological market products, the understanding of their magnetic and electronic properties will no doubt provide key elements for a general description of electron correlation and relativistic effects. quadrupolar interactions, but direct evidence for such quadrupolar ordering was difficult to find in UO 2 as the quadrupolar interactions are weaker than the dominating dipole ones. We have now provided that evidence [4] and also shown definitively the triple-q nature of the magnetic ordering in UO 2 . [5] This talk will review these experiments, some of the theories currently being advanced, and what remains to be done in understanding these complex actinide oxides at low temperature.
Determining the Electronic Structure of Pu using Unorthodox Spectroscopies

James Tobin
Lawrence Livermore National Laboratory, United States Abstract The standard method to determine the band structure of a condensed phase material is to (1) obtain a single crystal with a well defined surface and i (2) map the bands with angle resolved photoelectron spectroscopy (occupied or valence bands) i and inverse photoelectron spectroscopy (unoccupied or conduction bands). i Unfortunately, in the case of Pu, the single crystals of Pu are either nonexistent, i very small and/or having poorly defined surfaces. i Furthermore, effects such as electron correlation and a large spin-orbit splitting in the 5f states i have further complicated the situation. i Thus, we have embarked upon the utilization of unorthodox electron spectroscopies, i to circumvent the problems caused by the absence of large single crystals of Pu with well-defined surfaces. i The talk will include a discussion of resonant photoelectron spectroscopy [1] , i x-ray absorption spectroscopy [1, 2, 3, 4] , i electron energy loss spectroscopy [2, 3, 4] , i Fano Effect measurements [5] , i and bremstrahlung isochromat spectroscopy [6] , including the utilization of micro-focused beams to probe single-crystallite regions of polycrystalline Pu samples. [2, 3, 6] This work was performed under the auspices of the U.S. DOE by Univ. of California, Lawrence Livermore National Laboratory under contract W-7405-Eng-48. Electronic properties of Pu-Am Ladia Havela Prague, Czech Republic Abstract The specific position of Pu just at the localization threshold makes it very sensitive to external variables. Surprizingly, various allotropic phases have nearly identical weak magnetic susceptibility, i despite a large volume expansion exceeding 20% for the fcc delta-Pu comparing to monoclinic alpha-Pu. i This makes the scenario, in which the volume expansion is the way to formation of magnetic moments, rather questionable. To resolve the issue whether an additional lattice expansion can lead to a 5f localization beyond the delta-Pu level and/or to onset of magnetism we focused on the Pu-Am system. The solid solution of Am in Pu stabilizes the fcc phase down to the lowest temperatures, expanding the volume. Available experimetal data indicate that the magnetic properties remain weakly paramagnetic up to at least 30% Am. Similarly, the gamma coefficient of the specific heat per Pu atom does not increase, and very little variations of the character of the 5f states are indicated by photoelectron spectroscopy. The experimental findings can be understood on the basis of LSDA+U calculations of the PuAm system, which reveal very little impact of varying the Am concentration and expanding the lattice on the Pu-5f states and their non-magnetic state.
Some aspects of the calculation of spin and orbital magnetization densities Mike Brooks
Uppsala, Sweden Abstract The relationships between current, magnetic moment and magnetization densities are discussed. The approximations made in obtaining these densities from Ab initio energy band calculations are outlined. Particular emphasis is placed upon the interpretation of neutron diffraction experiments on intermetallics containing cerium or actinides with small magnetic moments, where the bonding electron density and spin density from the broad 5d or 6d bands becomes important. Since the bonding spin densities are absent in atomic calculations the entire interpretation of the experiments may be changed. Examples are CeFe 2 and UFe 2 where consistency between neutron diffraction and XMCD experiments is obtained.
The microscopic 5f magnetisation of the superconductor PuCoGa5 Arno Hiess ILL, France Abstract PuCoGa 5 is a superconductor with a critical temperature of T = 18 K and an upper critical field estimated to exceed Bc2 70 T; both parameters are records in this class of intermetallic strongly correlated electron systems [1] . The superconductivity is thought to be unconventional and carried by strongly correlated electrons involving the 5f electrons of plutonium [2] . No magnetic order has been observed in PuCoGa 5 down to T = 1 K, the lowest temperature measured. Those measurements suggest the bulk magnetic susceptibility to follow a modified Curie-Weiss behaviour in the normal state with an effective moment µ = 0.5 µ B , and the induced magnetic moment at B = 10 T and T = 20 K had been proposed to correspond to about µ = 0.01 µ B . To investigate the microscopic magnetic properties further and possibly to shed light on the relevance of the magnetism for the superconductivity, we here report on experiments using polarised neutron diffraction. This experimental technique is sensitive to periodically arranged magnetic moments only and allows determination of the Pu 5f form factor. The method is it insensitive to any magnetic contribution from random impurities or sample mount. The polarised neutron experiment has been performed on the hot neutron diffractomater D3 at the ILL i after determination of crystallographic parameters under similar experimental conditions by non-polarised neutron diffraction on D9. We used a large single crystal (2 * 2 * 4 mm 3 grown from 242Pu. We discovered that the induced magnetic moment is even smaller than previously reported. New bulk susceptibility measurements performed on the same single crystal are consistent with the neutron investigations. This result challenges the currently discussed models for the superconductivity in this weakly magnetic compound. out in truely zero field. This allows to detect quasi-static small itinerant magnetic moments as in UGe 2 . Finally, we shall discuss the investigation of the superconductivity of materials, in particular the symmetry and the temperature dependence of the London penetration depth.
Magnetic Susceptibility of PuCoGa 5 from ITU-SQUID measurements
Franck Wastin
Karlsruhe, Germany Abstract Magnetism and unconventional superconductivity are interdependent in strongly correlated electron systems. PuCoGa 5 displays superconducting behavior, with a critical temperature of Tc = 18.5 K and an upper critical field Bc2(0) estimated to exceed 70 T [1] , considered to be unconventional and carried by strongly correlated 5f electrons [2] . No magnetic order has been observed down to T = 1 K but the temperature dependence of the magnetic susceptibility of PuCoGa 5 is indicative of local-moment behavior close to that expected for Pu 3+ . Initial bulk measurements on a single crystal were reported to follow a modified Curie-Weiss behavior in the normal state with an effective moment µ ef f = 0.68 µ B , and an induced magnetic moment at B = 1 T and T = 20 K corresponding to about 5.55 mµ B . However, further unpublished experiments on various single and polycrystalline samples led to a large discrepancy in the induced moment measured. In this work, we present the efforts conducted at ITU to distinguish the intrinsic magnetic susceptibility of PuCoGa 5 . The multilayers have layer thicknesses in the range 9 to 40 A for uranium and 9 to 34 A for iron. i Temperature and element-specific magnetic hysteresis curves show that the easy magnetization axis lies in-plane. i At both 10 K and room temperature, the U layers have been found to be magnetically polarized in all of the multilayers studied. An induced U magnetic moment (maximum value ∼ 0.1 µ B , coupled parallel to the Fe magnetic layers through the exchange coupling, has been observed and is mainly located at the interfaces. The value of the orbital to spin ratio for the induced U moments is ∼ 2.1, suggesting moderate hybridization between the U 5f and Fe 3d states.
References
Theory of Am and Pu systems.
Axel Svane
Aarhus, Denmark Abstract Two aspects of the theory of electronic structure of actinides are addressed. Equilibrium lattice constants and effective valencies are calculated on the basis of the self-interaction corrected local spin density total energy functional. We consider the actinide elements Pu, Am, Cm and Bk, as well as alloys of Pu and Am. Secondly, the spectral function of well localized actinide systems is evaluated on the basis of the multiplet Hubbard-I approach, where an additional interaction is introduced to represent fluctuations of the f-shell configuration. The approach is applied to Am and PuSe, and gives good agreement with photoemission data. 4. Are we starting to understand the electronic structure of Pu and other actinides ? The valence electronic structures of the actinide metals and alloys in general and plutonium (Pu) in particular remain mired in controversy. Interestingly, the various phases of Pu metal provide a microcosm of the metallic actinides as a whole. Thus, unravelling the nuances of the interplay of electronic and geometric structures in Pu will illuminate the properties of all transuranic metals. In a sense, the behavior of the Pu 5f electrons is completely counter-intuitive. The dense phase, alpha, has some semblance of delocalization in the 5f valence bands and can be treated theoretically within single electron models such as the Local Density Approximation. The alpha phase is monoclinic, which is a low symmetry ordering. The less dense delta-phase is fcc and exhibits evidence of localized and/or correlated electronic behavior. The fcc is a high symmetry phase which is normally associated with superior wavefunction overlap in d state metals. But herein is the key: the linear combinations of the 5f's do not produce the nicely lobed wavefunctions with symmetry about the x, y, z and diagonal axes, as occurs for d states. Instead, the linear combinations of f -states have oddly lobed and badly directed wavefunctions which match very poorly with the high symmetry of the fcc structure. In the rare earths and lanthanides, this odd lobing is of no consequence: generally, the 4f valence states are inside the outer 5d, 6p and 6s electrons and can be treated as isolated, atomic-like orbitals that do not participate in chemical bonding. In the actinides, the 5f's are less well shielded. Shielding is undoubtedly a key issue and relates to the volume changes. In fact, the 20% volume increase of Pu between the alpha and delta phases is a reflection of the discontinuous 30% volume jump between Pu and Am, as one moves along the row of actinide elements. Furthermore, the fcc delta-Pu can not be treated theoretically without ad hoc corrections, e.g., the addition of Coulombic repulsion terms to LDA formalisms. Finally, we have not even begun to deal with the issue of dilute alloy formation and its impact upon the electronic structure of metallic actinides. The upshot of this is that the valence electronic structure of Pu in particular and the actinides in general is only poorly understood.
